F ocal cerebral ischemia and reperfusion has long been recognized to cause disruption of the bloodbrain barrier (BBB), which leads to the development of vasogenic edema and fosters hemorrhagic transformation. Accumulating evidence points toward the role of matrix metalloproteinases as one of the main mediators causing disruption.
MMP-9 expression have been shown to be associated with the size of the lesion and an increased risk of death in patients. 14, 16 The association between ischemic stroke, BBB disruption, and patient mortality makes MMP-9 a viable therapeutic target.
Among MMP-9 chemical inhibitors, norcatharidin (NCTD) has shown particular therapeutic promise. NCTD is a small-molecule, synthetic, demethylated analog of the naturally occurring cantharidin isolated from blister beetles. 4 In both colorectal cancer and hepatocellular carcinoma cells, NCTD has shown specific MMP-9 activity via interaction and inhibition of its expression. 3, 41 Studies have demonstrated potent antimetastatic and antiangiogenic properties of NCTD in addition to its potential to generate tolerogenic skin grafts. 15, 17, 20, 41, 42 It is eliminated in 6 hours from all tissues of rats and mice except the liver and kidneys. 8 The dose used in this work has been shown to block both MMP-9 as well as hypervascularization and the associated MAPK/vascular endothelial growth factor (VEGF) pathways in vitro and in vivo. 43 More importantly, NCTD crosses the BBB, making it a suitable candidate for neurotherapeautics. 5 Among the various management strategies for acute ischemic stroke, endovascular modalities have seen considerable interest. 24 Endovascular thrombectomy allows expeditious reperfusion and can also theoretically allow selective infusion of potential neuroprotective agents to the ischemic cerebral region. There is, however, a paucity of research regarding the use of drugs that may be administered locally (intraarterially) at the time of reperfusion to provide neuroprotection. By the modification of the rodent middle cerebral artery (MCA) occlusion (MCAO) model to allow intraarterial drug delivery, we have the ability to mimic endovascular delivery of drugs in a patient with ischemic stroke. In this study we investigated the neuroprotective efficacy of intraarterial NCTD in ischemia and subsequent reperfusion.
methods animals
Adult male spontaneously hypertensive rats between 12 and 14 weeks of age and weighing 290-310 g (obtained from Charles River) were used for this study. Animals were housed under standard conditions (21°-23°C, 12-hour light-dark cycle) with unlimited access to standard food and water. All animal experiments were approved by the Vanderbilt University Institutional Animal Care and Use Committee and performed according to the National Research Council's Guide for the Care and Use of Laboratory Animals.
animal preparation and surgery
A total of 40 rats were weighed and randomly assigned to 1 of 3 groups: treated (90-minute MCAO followed by intraarterial drug administration), controls (MCAO followed by intraarterial vehicle administration), and shams (surgery but no MCAO). The MCAO surgery was conducted as previously described with a few modifications.
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Briefly, the right-sided common, internal, and external carotid arteries were exposed and their tributaries cauterized. An intraluminal suture (Doccol Corp.) was then routed into the internal carotid artery (ICA) via the external carotid artery and pushed to occlude the MCA.
Subsequently, anesthesia was removed and only rats showing left-sided weakness on the upright test were included in this study. Surgery in the sham surgery group was similar to the one described above, with the key difference that intraluminal suture was advanced to occlude the MCA for less than 1 minute before being removed.
After a stroke time of 90 minutes the rats were reanesthetized and the suture was removed. The external carotid artery stump used for the intraluminal suture was then used to introduce a polyethylene-20 tube that was then routed into the proximal ICA; this was subsequently used for intraarterial drug administration. Additionally, 10 rats (5 treated and 5 controls) had external jugular catheters inserted for MRI contrast studies.
drug administration
Rats were randomized into treated and control groups. NCTD (0.5 mg/kg) dissolved in dimethyl sulfoxide (DMSO) and diluted in normal saline (in a 1 to 5 ratio of DMSO to saline) was then infused directly into the ipsilateral ICA using an infusion pump (Harvard Apparatus) at a rate of 0.10 ml/min. The dosage of NCTD was adapted from a study that showed a positive biological response with the same dose when administered intraarterially for rat hepatoma. 22 The control rats were administered normal saline and DMSO (1:5) without any drug at the same infusion rate. Diluted DMSO was administered to both control and treated rats to control for any effects DMSO might have on the BBB. 18 Infusion lasted from 5 to 7 minutes.
sensorimotor Function assessment
For the ladder rung walking test, the rats were trained 2 times prior to stroke induction. Training sessions were spaced 24 hours apart and the second practice session was conducted at least 24 hours prior to the induction of stroke. The timeframe was consistent between all rats and all rats had consistent practice sessions. The rats were walked through the ladder rung 3 times after stroke for neurological assessment (poststroke Days 1, 3, and 7) in which average foot placement accuracy and foot fault scores were measured (Videos 1 and 2). The animals were also scored daily according to the Garcia Neurological Test for as many as 7 days after stroke.
11 All the behavioral scoring was performed in a double-blinded manner. The experimental design is shown in Fig. 1A . Details are available in the Supplemental Information.
imaging
MRI was performed 24 hours following MCAO. Infarct volumes and BBB integrity were measured using diffusion weighted and dynamic contrast enhanced imaging, respectively. Blinded observers performed the image analyses. Details are available in the Supplemental Information.
immunohistochemical analysis
To qualitatively assess the expression of active MMP-9 after treatment in animals, immunohistochemical analysis was performed in 6 rats (3 treated and control each). Brains from rats on stroke postoperative Day 7 were sectioned and were incubated with primary anti-active MMP-9 antibody (1:200 dilution, Novus Biologicals). Details are available in the Supplemental Information.
statistical analysis and sample size estimation
Data represent the mean ± standard error of the mean (SEM). The Student t-test was used for comparison between 2 groups, and an ANOVA for multiple comparisons with a post hoc Tukey test was used after validating the normal distribution of these data sets using the Kolmogorov-Smirnov test. Spearman's rank correlation coefficient was used to test the association between infarct volume and ladder rung walking test scores.
For power analysis, we estimated a 30% improvement in sensorimotor score (primary outcome) and a 15% decrease in infarct volume and BBB permeability with treatment (secondary outcome), based on our pilot study results. Using a standard deviation of 20% of the mean within each group, a = 0.05, the sample size to achieve power (1−b) = 0.8 was at least 10 per group. 
effect of Nctd on sensorimotor Functions
All animals with 90-minute MCAO showed a significant sensorimotor deficit (scored 3 points on the Benderson Scale) prior to reperfusion, demonstrating successful MCAO. To assess the neurological outcome in the rats we evaluated them using the Garcia neurological test and tested fine and gross motor functions via the ladder rung walking test. The Garcia test was administered daily for 7 days by blinded observers. For all days tested, the treated rats scored significantly higher compared with controls (Fig. 1B) . None of the treated or untreated rats deteriorated after the stroke, and showed improving scores consistent with recovery.
The ladder rung walking test, used to assess forelimb fault and placement accuracy scores, was administered on poststroke Days 1, 3, and 7 ( Fig. 1C and D) . The treated rats displayed significantly higher average forelimb fault scores on all days tested, signifying better placement accuracy. Moreover, treated rats displayed significantly better stability compared with control rats (fewer missteps) on all days tested. Rats undergoing sham surgery did not display any neurological deficits and had the best accuracy and fewest missteps compared with both the treated and control groups (p < 0.001 for all days tested).
effect of Nctd on infarct volume and bbb disruption
To compare brain infarct volumes between the treated and control groups we calculated infarct volumes using diffusion weighted imaging scans conducted 24 hours after the onset of stroke. The infarct volumes were calculated as the sum of the number of voxels within the segmented infarct region multiplied by the volume of each voxel. Treated rats had significantly reduced average infarction volume compared with control rats (148.1 ± 10.2 mm 3 vs 178.5 ± 9.9 mm 3 , p < 0.05, n = 10 per group; Fig. 2A) , indicating a neuroprotective effect of NCTD after reperfusion. Treated rats, compared with controls, depicted variable cortical sparing which accounted for the decreased infarct volumes observed in this group.
To assess whether our treatment with NCTD affected the degree of BBB disruption after an episode of ischemia and reperfusion, we conducted dynamic contrast-enhanced scans 24 hours after the onset of stroke. Subsequently, we calculated the area of leakage (contrast enhancement) in the region of the infarct from enhancing pixels on permeability maps. The region of leakage was then expressed as a percentage of the area of ipsilateral hemisphere (designated as the percentage of hemispheric contrast enhancement). No contrast enhancement was observed in the nonischemic hemispheres in any of the rats. The percentage of hemispheric contrast enhancement was significantly reduced in treated rats compared with the control rats (0.3% ± 0.01% vs 2.5% ± 0.80%, respectively; p < 0.05, n = 5 per group; Fig. 2B ), indicating the inhibitory effect of NCTD on BBB permeability. To evaluate how closely the stroke volume was related to ladder rung walking test results (forelimb fault and placement accuracy scores), we grouped the stroke volumes of all rats and plotted them against their respective forelimb fault and placement accuracy scores ( Fig. 2C and  D) . A significant negative correlation was found for stroke volumes versus forelimb fault scores for all days tested (p < 0.05; Fig. 2C ). Additionally, a significant positive correlation was found for stroke volumes versus placement accuracy scores (p < 0.05; Fig. 2D ).
immunohistochemical analysis
To assess the expression of MMP-9, immunohistochemical analysis was conducted using rat brains harvested at the end of the experimental protocol (poststroke Day 7; Fig. 3 ). The control group showed strong active MMP-9 staining throughout the ischemic cortex. This was especially evident in the endothelial cells. In contrast, the rat brains harvested from treated rats showed significantly decreased expression of active MMP-9, including in the endothelial cells. These results depicted the strong inhibitory action of NCTD on the expression of active MMP-9 after ischemic stroke.
discussion
The use of intravenous (IV) tPA has become the standard of care for ischemic stroke after the landmark trial of the National Institutes of Neurological Disorders and Stroke demonstrated an improvement in the 3-month outcome if it was administered within 3 hours of the onset of symptoms. 28 Further research on the thrombolytic efficacy of IV tPA showed that while this treatment has high revascularization rates for distal thrombi, the revascularization rates of proximal thrombi (the ICA terminus, proximal MCA, vertebral arteries, and basilar artery) were much inferior. As higher revascularization rates are associated with better outcomes, the efficacy of IV tPA is significantly lower in patients who present with ICA or proximal MCA occlusions. 36, 38 This has led to an increased interest in the development of endovascular techniques to recanalize large vessel occlusions. 24 Compared with IV thrombolysis, contemporary endovascular techniques show higher rates of revascularization for large vessel occlusions. 32, 37 Additionally, these modalities can be used to gain direct access to the region of stroke to deliver focused neuroprotective therapeutics. In this setting, the supplementation of endovascular thrombolysis with a neuroprotective agent may be able to shield the brain from the temporary but destructive effects of reperfusion.
MMP-9 has been recognized as a key target in the development of neuroprotective agents for acute ischemic stroke.
7,27 Expression of MMP-9 increases after cerebral ischemia and plays an important role in the direct disruption of the BBB by breaking down collagen Type 4, an integral part of the laminin forming the BBB and increasing the risk of hemorrhagic transformation.
12,33,35 MMP-9 knockout mice show significantly smaller infarct volumes and decreased BBB disruption than wild-type mice after stroke.
1 Based on these findings we chose MMP-9 as a viable therapeutic target for intraarterial therapy. Our data suggest that intraarterial NCTD decreased the expression of MMP-9, provided robust cell preservation, increased BBB integrity, and improved sensorimotor outcomes. Furthermore, we did not recognize any adverse effects from our therapy, either due to the route of our delivery or the mechanism of action of the drug.
While it is important to recognize the destructive role that MMP-9 plays in the pathogenesis of ischemic stroke, emerging evidence suggests that the enzyme may have a more nuanced role. Data from Zhao and colleagues revealed temporal and spatial differences in the expression of MMP-9 after ischemic stroke: early MMP-9 signal localized in the brain endothelium, but by 7 days the MMP-9 signal shifted to the periphery of cortical infraction At this time MMP-9 activates VEGF, leading to brain regeneration. 44 Crucially, they reported that while a synthetic MMP-9 inhibitor could decrease infarct volumes if administered within 24 hours after stroke, delayed administration of MMP-9 inhibitors (7 days after stroke) disturbed the recovery of the brain, leading to worse outcomes and increased risk of hemorrhage in the ischemic cavity.
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Similarly, when Sood and colleagues administered a broad spectrum MMP-9 inhibitor (B-1101) 48 hours after stroke in a rodent stroke model, they reported significant neurological long-term deterioration in the treated group.
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These findings underscore the importance of acute short-term inhibition of MMP-9 so as to not hinder recovery. It now appears that the therapeutic window for MMP-9 inhibition may be less than 24-48 hours after stroke.
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With these considerations, a single-dose intraarterial delivery of MMP-9 inhibitors at the time of reperfusion is an attractive treatment strategy. As none of our treated rats deteriorated after treatment and showed improving sensorimotor scores consistent with recovery, our results suggest that we were able to successfully inhibit the early MMP-9 overexpression without impeding the repair processes.
It is also important to point out some of the advantages of local (intraarterial) therapy. Marinov and colleagues used preischemia intraarterial delivery of magnesium sulfate to show robust neuroprotective efficacy in a reversible focal ischemia model. 23 Additionally, selective brain cooling to provide neuroprotection in stroke can also be achieved by intraarterial cold infusions. 9 Compared with the systemic route, the requirement of a lower drug dose with intraarterial therapy was demonstrated by Woitznik and Schilling, who found a greater effect of a consistent dose of MK-801 (a glutamate receptor antagonist) when it was administered locally compared with intravenously. 40 The higher bioavailability with intraarterial delivery systems has also been reported with stem cell therapeutics. 31 Chemotherapeutic agents with a rapid systemic clearance also benefit from intraarterial administration. The higher bioavailability and high intratumoral concentrations achieved through an endovascular route have made intraarterial chemotherapy a viable option for CNS tumors and retinoblastomas. 13, 29 Systemic side effects of the drug may also be limited because of low dosage requirements through this route. Therefore, intraarterial delivery of drugs may provide an appealing avenue to test potential neuroprotective agents in which investigators may be able to maximize efficacy while minimizing systemic side effects.
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Our experimental design also has some advantages.
MR images for the assessment of BBB disruption and infarct volume allowed us to use the same rats for neurobehavioral scores, which meant that fewer rats were required overall. Such a design also permitted the correlation of infarct volumes with behavioral scores. Additionally, the spontaneously hypertensive rat was chosen as a model in keeping with the criteria set forth by the Stroke Therapy Academic Industry Roundtable (STAIR) working group, which developed guidelines for reproducible and predictive models of stroke for therapeutic development. 10 We recognize that a shortcoming of our study design is that we chose a timeline (reperfusion after 90 minutes with drug delivery) that may not be very feasible in clinical practice. Our study investigated the proof of concept evidence that intraarterial administration of this selective MMP-9 inhibitor is capable of blocking degeneration and improving behavioral outcomes when administered at the time of reperfusion. Further research in our lab will study the effect of the drug with longer stroke times.
conclusions
We conducted a preclinical study assessing the efficacy of intraarterial NCTD administered at the time of reperfusion in a rodent model to simulate endovascular treatment in a patient who undergoes revascularization and local therapy. Our findings require further investigation but may point toward the potential efficacy of administering neuroprotective agents endovascularly at the time of reperfusion to shield patients from the neurotoxic consequences of ischemia and reperfusion. 
